The gene causative for the human nonsyndromic recessive form of deafness DFNB22 encodes otoancorin, a 120-kDa inner ear-specific protein that is expressed on the surface of the spiral limbus in the cochlea. Gene targeting in ES cells was used to create an EGFP knock-in, otoancorin KO (Otoa EGFP/EGFP ) mouse. In the Otoa EGFP/EGFP mouse, the tectorial membrane (TM), a ribbon-like strip of ECM that is normally anchored by one edge to the spiral limbus and lies over the organ of Corti, retains its general form, and remains in close proximity to the organ of Corti, but is detached from the limbal surface. Measurements of cochlear microphonic potentials, distortion product otoacoustic emissions, and basilar membrane motion indicate that the TM remains functionally attached to the electromotile, sensorimotor outer hair cells of the organ of Corti, and that the amplification and frequency tuning of the basilar membrane responses to sounds are almost normal. The compound action potential masker tuning curves, a measure of the tuning of the sensory inner hair cells, are also sharply tuned, but the thresholds of the compound action potentials, a measure of inner hair cell sensitivity, are significantly elevated. These results indicate that the hearing loss in patients with Otoa mutations is caused by a defect in inner hair cell stimulation, and reveal the limbal attachment of the TM plays a critical role in this process.
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T he sensory epithelium of the cochlea, the organ of Corti (Fig.  1 ), contains two types of hair cell, the purely sensory inner hair cells (IHCs) and the electromotile, sensorimotor outer hair cells (OHCs). These cells are critically positioned between two strips of ECM, the basilar membrane (BM) and the tectorial membrane (TM). Signal processing in the cochlea is initiated when sound-induced changes in fluid pressure displace the BM in the transverse direction, causing radial shearing displacements between the surface of the organ of Corti (the reticular lamina) and the overlying TM (1) . The radial shear is detected by the hair bundles of the IHCs and the OHCs (2) , with the stereocilia of the OHC hair bundles forming an elastic link between the organ of Corti and the overlying TM (3) . Deflection of the stereocilia gates the hair cell's mechanoelectrical transducer (MET) channels, thereby initiating a MET current (4) that promotes active mechanical force production by the OHCs, which, in turn, influences mechanical interactions between the TM and the BM (5, 6) . This nonlinear frequency-dependent enhancement process, which boosts the sensitivity of cochlear responses to lowlevel sounds and compresses them at high levels, is known as the cochlear amplifier (7) .
Whereas the hair bundles of the OHCs are imbedded into the TM and therefore directly excited by relative displacement of the undersurface of the TM and the reticular lamina, those of the IHCs are not in direct contact with the TM, and the way in which they are driven by motion of the BM remains unclear. Intracellular recordings of the receptor potentials in IHCs indicate that the bundles are velocity-coupled (to fluid flow) at low frequencies and displacement-coupled at higher frequencies of stimulation (2, 8, 9) . Direct measurements of the motion of the reticular lamina and the lower surface of the TM in an ex vivo preparation of the guinea pig cochlea provide evidence that, at frequencies below 3 kHz, counterphase transverse movements of the two surfaces generate pulsatile fluid movements in the subtectorial space that could drive the hair bundles of the IHCs (10). At higher frequencies, the two surfaces move in phase, and radial shear alone is thought to dominate. Theoretical studies (11) reveal that the boundary layers will be vanishingly thin at high frequencies, that the fluid in the gap between the TM and the reticular lamina will be inviscid, and that the hydrodynamic forces on the hair bundle will be inertial. Although an overlying TM that is not directly attached to a hair bundle does not apply torque to the hair bundle (11), the inertial force of the fluid driving the hair bundle depends on its mass and therefore the size of the gap between the reticular lamina and the TM (11, 12) .
The TM is composed of radially arrayed collagen fibrils that are imbedded in a noncollagenous matrix composed of a number of different glycoproteins, including Tecta, Tectb, otogelin, otolin, and Ceacam16 (13) (14) (15) (16) . Mutations in Tecta cause recessive (DFNB21) and dominant (DFNA8/12) forms of human hereditary deafness (17) (18) (19) , and a dominant missense mutation in Ceacam16 (DFNA4) has been identified recently as a cause of late-onset progressive hearing loss in an American family (15) . Mutations in Tecta are one of the most common causes of autosomal-dominant, nonsyndromic hereditary hearing loss (20) , and mouse models for the recessive (21) and dominant (22) forms of deafness arising from mutations in Tecta have been created. Together with data from a Tectb-null mutant mouse (23) , these studies have provided evidence that the TM plays multiple roles in hearing (24) . Although much is known about the structure of the TM, an ECM that is unique to the cochlea, relatively little is known about how it attaches to the apical surface of the cochlear epithelium. Otoancorin, a product of the DFNB22 locus, is expressed on the apical surface of the spiral limbus and has been suggested to mediate TM attachment to this region of the cochlear epithelium (25) . In this study, we use gene targeting to inactivate otoancorin. This provides a mouse model for DFNB22, reveals a loss of IHC sensitivity as the primary cause of deafness, and isolates a specific role for the limbal attachment of the TM in driving the hair bundles of the IHCs.
Results
Gene targeting in ES cells was used to replace the first coding exon of the murine Otoa gene with a cassette encoding EGFP ( Fig. 2A ). Southern blotting with probes located external to the targeting vector was used to detect and confirm successful targeting (Fig. 2B) , and one ES cell line was used to produce a chimeric mouse that transmitted through the germ line. Fulllength Otoa mRNA cannot be detected in the cochleae of Otoa EGFP/EGFP mice by RT-PCR (Fig. 2C) . EGFP is observed in the interdental cells of the spiral limbus in mature mice that are heterozygous (i.e., Otoa +/EGFP ) for the targeted mutation, and otoancorin is detected on the apical surface of the limbus with an antibody (25) raised to two peptides located in the predicted C-terminal region of this protein (Fig. 2 D and D′) . In homozygous Otoa EGFP/EGFP mice, EGFP expression levels in the interdental cells are higher and otoancorin immunoreactivity cannot be detected on the surface of the spiral limbus ( Fig. 2 E and E′). Although shorter alternative transcripts are predicted that could be expressed in the Otoa EGFP/EGFP mouse ( Fig. 2A ), these should be recognized by the antibody and are therefore unlikely to be translated. EGFP expression is also observed in the border cells that lie immediately adjacent and just medial to the IHCs, and in the cells of Reissner's membrane between postnatal days 4 and 12 in Otoa EGFP/EGFP mice ( Fig. 2 F-I ). These results indicate the Otoa EGFP/EGFP mouse is a null mutant at the level of protein expression, and confirm previous immunocytochemical studies (25) showing that otoancorin is expressed in the interdental cells of the spiral limbus, and, during a brief period of postnatal development, in the border cells that lie next to the IHCs.
TM Is Detached from Spiral Limbus in Otoa
EGFP/EGFP Mice. In WT and Otoa +/EGFP mice, the medial edge of the TM is closely apposed and attached to the spiral limbus, and the lateral region lies over the apical surface of the hair cells in the organ of Corti (Fig. 3A) . In the Otoa EGFP/EGFP mouse, the TM is detached from the spiral limbus and the lateral-most region is markedly thinner than normal (Fig. 3B ). This region is frequently seen to be fenestrated in the homozygous mutants and a typical marginal band, as seen in WT and heterozygous mice, is not present (Fig. 3 C and D) . Although the TM in the homozygous mutants often appears to be slightly tilted, with the lateral region displaced medially with respect to the organ of Corti, hair bundle imprints, the sites at which the hair bundles of the OHCs attach to the lower surface of the TM, are observed by transmission EM and SEM (Fig. 3 C-F) . Despite these changes in the structure and attachment of the TM in the Otoa EGFP/EGFP mouse, SEM reveals that the orientation and organization of the hair bundles of the IHCs and OHCs in the organ of Corti are normal, and similar to that observed in WT (not shown) and heterozygous mice ( Fig. 3 G and H) . Differential interference contrast microscopy indicates the collagen fibril bundles of the TM are, as in heterozygotes and WT, distributed radially within the core of the matrix in the homozygous mutants ( Fig. 4 A and B) . The covernet, a network formed by fibrils that are aligned mainly along the length of the upper surface of the TM, is also of normal appearance ( Fig. 4 A and B ). Hensen's stripe, a ridge that runs longitudinally along the lower surface of the TM and is thought to engage the hair bundle of the IHCs, is, however, not visible in the homozygous mutants ( Fig. 4 C and D).These observations show that otoancorin is required for adhesion of the TM to the spiral limbus and that the TM, despite the structural abnormalities described here, retains its gross overall form, remaining in close proximity with the organ of Corti.
Cochlear Microphonic Potentials Are Symmetrical in Otoa EGFP/EGFP
Mice. Cochlear microphonic (CM) potentials are extracellular potentials derived from the transducer currents of the OHCs (1, (26) (27) (28) , and their symmetrical nature is known to result from the presence of the TM biasing the operating point of the hair bundle (21, 29) . Although the TM is detached from the spiral limbus in the Otoa EGFP/EGFP mice, the CM potentials recorded from the round window of Otoa EGFP/EGFP mice are similar to those recorded from WT mice (Fig. 5A) , being symmetric at low to moderate sound levels, becoming negatively and then positively asymmetrical with increasing sound levels greater than 80 dB sound pressure level (SPL) (29) . The DC component of the CM potentials, a measure of their symmetry, only differs significantly (P ≤ 0.001) at 85 dB SPL, the inflection point in WT Otoa mice, an indication that attachment of the TM to the limbus may be important for controlling this point of apparent mechanical instability. These data provide functional evidence that the hair bundles of OHCs are, as suggested by the presence of hairbundle imprints, attached to the TM in the homozygous mutants.
Cochlear Amplification Is Not Significantly Affected in Otoa EGFP/EGFP
Mice. Distortion product otoacoustic emissions (DPOAEs) are a nonlinear acoustical response produced by the cochlea in response to simultaneous stimulation with two pure tones. A 10-to 35-dB elevation in threshold is observed for DPOAEs in the 8-to 65-kHz, low-threshold region of the cochlea (30) in Otoa EGFP/EGFP mice ( Fig. 5B) , with the difference being restricted to ≤20 dB in the basal region, where we are able to measure BM responses. If one assumes that these changes in DPOAE threshold reflect changes in the gain of the cochlear amplifier, and that the amplifier provides a gain of 60 dB in the low-threshold region of the mammalian cochlea, the feedback efficiency from the OHCs in the 8-to 65-kHz region of the cochlea in Otoa EGFP/EGFP mice is decreased by only approximately 3%. Measurements of the BM responses from the 55-to 65-kHz, high-frequency end of the cochlea in Otoa EGFP/EGFP mice provide direct confirmation that cochlear amplification remains close to normal when the TM is detached from the spiral limbus ( Fig. 5 C and D) . The sensitivity and sharpness of tuning given by the ratio of the CF to the bandwidth measured 10 dB from the tip in the Otoa EGFP/EGFP and WT mice do not differ significantly (P = 0.15; Table 1 ). The low-frequency shoulder of the BM tuning curves is, however, modified, and, at frequencies between 44 and 48 kHz, sensitivities are significantly different (P ≤ 0.001), and the threshold minimum observed in the tuning curve of the WT mice (Fig. 5C , red asterisk) is absent from that of the Otoa EGFP/EGFP mice.
Compound Action Potential Thresholds Are Significantly Elevated in Otoa EGFP/EGFP Mouse. The compound action potential (CAP) is the synchronized activity of the auditory nerve fibers that is measured at the beginning of pure-tone stimulation. The thresholds for these potentials are elevated by 35 to 55 dB in the 8-to 70-kHz range in the Otoa EGFP/EGFP mice (Fig. 5E ). Derived simultaneous masking neural tuning curves closely resemble the tuning of single auditory nerve fibers (31) and are known to become less sharp when cochlear amplification is compromised (32) . Although the CAP thresholds of Otoa EGFP/EGFP mice are elevated, the CAP masking tuning curves derived from simultaneous tone-on-tone masking (31) are sharp, as would be expected if mechanical amplification were preserved (Fig. 5F ). Two characteristics of the CAP masker tuning curves recorded from Otoa EGFP/EGFP mice further indicate cochlear amplification is not compromised and that nonlinear suppression (the basis for the tuning curves) is already manifested in the mechanical responses of the cochlear partition before the latter elicit neural excitation. First, the masker levels used are approximately 20 dB lower than the relatively high probe tone levels (Fig. 5F , upper black stars) necessary to elicit a measurable neural response for frequencies around the probe frequency. Second, the tuning curves are significantly sharper than those of WT mice (Fig. 5F ), as has been observed previously for probe tone levels well above the mechanical threshold in sensitive, WT cochleae (22) . These observations provide further evidence that the threshold of the mechanical responses is not significantly changed in the Otoa EGFP/EGFP mice, but that it is the transmission of these responses to the IHCs that is attenuated.
Discussion
The EGFP knock-in, Otoa KO mouse created in this study provides direct evidence that otoancorin is, as predicted (25), necessary for attachment of the TM to the spiral limbus. Although the TM is detached from the spiral limbus in the Otoa EGFP/EGFP mouse, it remains in close proximity to the sensory epithelium, possibly via its attachment to the hair bundles of the OHCs. This is in contrast to the situation in the Tecta ΔENT/ΔENT mouse, in which a residual TM is completely divorced from the organ of Corti and ectopically associated with Reissner's membrane (20) . Otoancorin is not expressed in OHCs, and another protein must therefore mediate adhesion of the OHC stereocilia to the TM. Although otoancorin and stereocilin share some long-range homology (33) , and despite the absence of hair-bundle imprints in the TMs of stereocilin null mice (25) , functional interactions between the TM and the OHCs do not require stereocilin (34) . Distinct molecular mechanisms may therefore mediate interactions between the TM and the OHCs, but also between the TM and the spiral limbus.
The TM proteins with which otoancorin interacts are not yet known. Collagens are still present in the detached TMs of the Tecta ΔENT/ΔENT mouse (20) , so limbal attachment is unlikely to be mediated by this class of protein. All the major noncollagenous proteins of the TM (Tecta, Tectb, and Ceacam16) are absent from the residual, detached TMs of the Tecta ΔENT/ΔENT mouse (20) , and the TM remains limbally attached in the Tectb −/− mouse, the Otog −/− mouse, and the Ceacam16 −/− mouse (13, 22, 32) . One can therefore deduce that Tecta is a likely interaction partner of otoancorin, although the more recently identified TM protein otolin (15) may also mediate adherence of the TM to the limbus via otoancorin.
Although the limbally detached TMs of Otoa EGFP/EGFP mice are grossly normal, Hensen's stripe is absent and the lateral region is thinned and fenestrated, lacking a distinct marginal band. Hensen's stripe forms during the later stages of postnatal development from a region on the lower surface of the TM known as the homogeneous stripe, a region that remains in contact with the surface of the cochlear epithelium medial to the IHCs while the spiral sulcus is forming. Contact with the epithelium, mediated by otoancorin, may therefore be required for the development of Hensen's stripe. It is unclear why the lateral region of the TM fails to develop correctly in the Otoa EGFP/EGFP mice, as Otoa is not expressed by the supporting cells of the organ of Corti-the pillar cells, Deiters' cells, or Hensen's cells.
The loss of limbal attachment and the abnormalities in TM structure described here have very little effect on the sensitivity and tuning of the BM response, cause a mild (∼20 dB) reduction in the threshold of the DPOAEs, and result in a substantial (50 dB) increase in the threshold of the neural tuning curves, although the neural responses remain sharply tuned. The limbal attachment of the TM is not therefore necessary for cochlear amplification and tuning, but is critically required to ensure that the response of the BM and the reticular lamina are transmitted to the hair bundles of the IHCs without any loss of sensitivity.
Although it may seem surprising that the loss of TM attachment to the spiral limbus has little effect on BM sensitivity and tuning, this finding is indeed predicted by a lever-and-springs model of the cochlea (35) . The radial motion of the reticular lamina is largely controlled by the displacement of its attachment point at the pillar head, its rotation being of secondary importance. Consequently, a change in the angular rotation of the reticular lamina is predicted to have little effect on radial shear of the OHC hair bundles and increases amplification of BM motion by a factor of 1.5 at most, i.e., 3 dB or less, an outcome supported by our findings. The symmetry of the CM observed in Otoa EGFP/EGFP mice implies that the OHCs are working, as in WT mice, around the most sensitive point on their input-output function and therefore able to provide BM amplification with optimal gain (21) . Furthermore, the symmetry of the CM implies that the OHCs are not acting, as previously suggested, against the radial stiffness of the TM provided by the limbal attachment to set their operating point (21, 29, 36) , unless the TM is attached to some other structure lateral to the OHCs in an otoancorin-independent manner. Although there have been indications that the TM may be attached to the surface of Hensen's cells (37) , morphological evidence for such an attachment is lacking (Fig. 3A) . The operating point is therefore more likely to be set by the resting open probability of the MET channels, which is close to 50% in artificial endolymph containing low (0.02 mM) calcium levels (38) . This raises the interesting possibility that the TM may passively regulate the local calcium ionic environment in the vicinity of the MET channels (39) , and may also explain why the CM recorded from the organ of Corti of Tecta ΔENT/ΔENT (21) and Tecta C1509G/C1509G (40) mice, where the TM is completely detached from the organ of Corti, is typically asymmetrical in form.
The timing of the forces that are fed back to the cochlear partition by the OHCs is crucial for cochlear amplification to be effective (20, (33) (34) (35) , and depends on whether the OHC hair bundles are driven by the elastic or inertial forces delivered by the TM (33). For frequencies well below the characteristic frequency (CF; i.e., the frequency that produces the most sensitive response), the TM imposes an elastic load on the OHC bundles and they are displaced maximally in the excitatory direction (i.e., toward the tallest row of stereocilia) during maximum displacement of the cochlear partition toward the scala vestibuli (1, (36) (37) (38) (39) (40) . For frequencies at and around the CF, however, it has been suggested that the OHCs are excited by the inertial force imposed by the TM (23). This excitation lags cochlear partition displacement by 0.5 cycles, so the OHC stereocilia are displaced maximally when the partition is displaced maximally toward the scala tympani (23) . As a consequence of this, and as a result of the additional 0.25-cycle delay imposed by the membrane time constant, which appears to track the CF of the OHCs up to 8 kHz (38), the receptor potentials and the forces produced by somatic electromotility are in phase with the velocity of the cochlear partition. The sensitivity and sharpness of BM tuning found in the Otoa EGFP/EGFP mouse indicate that the elasticity of the TM attachment to the spiral limbus is not a crucial factor for exciting the OHCs near their CF, and that the OHCs must react against, and therefore be excited by, the inertial load provided by the TM at CF to effectively boost the mechanical responses of the cochlea (22) . A second resonance has been observed approximately one half-octave below the tip of the BM tuning curve in measurements obtained from the basal, high-frequency end of the murine cochlea (20, 21) . This feature of BM tuning curves has been previously attributed to the TM resonance (20, 23) and is thought to result from a reduction in the load imposed by the TM at its resonance frequency. Although the TM's role as an inertial mass and a source of the second resonance had been deduced from previous studies of the Tecta ΔENT/ΔENT mouse, it was not possible to isolate a specific role for the elasticity of the limbal attachment region because the residual TM is completely detached from both the spiral limbus and the surface of the organ of Corti in the Tecta ΔENT/ΔENT mouse. The absence of a second resonance in the BM tuning curves of the Otoa EGFP/EGFP mouse in which the TM is detached from the spiral limbus now provides evidence that this resonance derives specifically from the elasticity of the TM's attachment to the spiral limbus, combined with its effective mass.
Although the sensitivities of the BM responses recorded from WT and Otoa EGFP/EGFP mice are similar, DPOAEs recorded at similar frequencies differ by approximately 20 dB. Slight changes in the motion of the reticular lamina caused by changes in loading of the cochlear partition by the modified TM of the Otoa EGFP/EGFP mouse might cause this increase in DPOAE thresholds. The reticular lamina is, however, coupled compliantly to the BM via the OHC-Deiters' cell complex (41) (42) (43) (44) , so any change in the load on the cochlear partition would be expected to affect amplification of BM motion and be reflected in the vibrations of the BM. It is therefore more likely that this mild loss in the sensitivity of the DPOAEs in Otoa EGFP/EGFP mice results from the detachment of the TM from the spiral limbus altering the transmission pathway between the source of the DPOAEs and the point of measurement at the eardrum.
The loss of limbal attachment in the Otoa EGFP/EGFP mouse causes a substantial increase in the CAP threshold, but does not affect the sharpness of neural tuning. Increased neural thresholds with preserved BM sensitivity have been described previously for the Tecta Y1870C/+ mouse in which the TM remains attached to the spiral limbus and the subtectorial space in the vicinity of the IHCs is much increased, but are accompanied by a broadening of the neural tuning curves despite the BM remaining sharply tuned. As a result of likely changes in the relative position of the TM and the hair cells caused by fixation and dehydration in the absence of firm attachment to the spiral limbus, it is not possible to determine whether or not the dimensions of the subtectorial space are altered in the Otoa EGFP/EGFP mouse. Nonetheless, modeling studies (12) indicate only a small change (twofold, from 5 to 10 μm) in the dimensions of this space would severely reduce hydrodynamic input to the IHC bundle. Loss of limbal attachment may be sufficient to cause such a change, or reduce the pressure difference between the inner sulcus and the hair bundles of the OHCs (45) caused by organ of Corti motion, and therefore reduce the sensitivity of the IHCs without affecting neural tuning. Abrogation of pulsatile fluid motion caused by a rocking reticular lamina (10) seems an unlikely possibility, at least at CF, as the mouse cochlea operates at frequencies in excess of 3 kHz. Likewise it seems unlikely that the absence of Hensen's stripe leads to a loss in neural sensitivity, as it is only a prominent . Bandwidth measured 10 dB above tip/probe tone frequency (Q 10 dB ) at the probe tone frequencies of 6, 12, and 23 kHz are 2.3 ± 0.4, 4.6 ± 0.5, and 7.2 ± 0.7 for WT and 3.2 ± 0.2, 7.5 ± 0.5, and 12.1 ± 3.8 for Otoa EGFP/EGFP mice, respectively. All mice are <3-mo-old littermates. feature in the basal, high-frequency half of the murine cochlea and cannot be responsible for sensitivity in the low-frequency region of the CAP audiogram in the mouse. The results also inform as to the cause of deafness in DFNB22 families. Three different recessive mutations in OTOA-a splice site mutation, a missense mutation, and a large genomic deletion-have been identified in Palestinian families as the cause of prelingual, sensorineural deafness (25, 46, 47) . The degree of deafness of the affected individuals in two of these three families has been reported and has been described as being moderate to severe, i.e., similar or slightly more severe than the 35-to 55-dB hearing loss found in the Otoa EGFP/EGFP mouse over the 8-to 55-kHz range. Although the exact consequences of the splice site and missense mutations are unknown, both are recessive and therefore likely to cause loss of function, as is also expected for the deletion that encompasses the first 19 of the 28 coding exons. The Otoa EGFP/EGFP mouse lacks expression of otoancorin and should be a faithful model for the recessive human mutations that have been identified thus far. The hearing loss in patients with recessive loss-of-function mutations in OTOA is therefore predicted to result from a failure in the excitation of the IHCs, and not a loss of cochlear amplification.
Methods
Full details of the methods used are provided in SI Methods. In brief, otoancorin KO mice (i.e., Otoa EGFP/EGFP ) were produced from an ES cell line in which the first coding exon of Otoa had been replaced by EGFP using targeted mutagenesis. The morphology of the cochlea in WT, Otoa +/EGFP , and Otoa EGFP/EGFP mice was examined by light microscopy and SEM. For immunofluorescence microscopy, we used a rabbit serum raised to two nonoverlapping peptides located in the C-terminal half of otoancorin (25) . For physiological analysis, sound stimuli were delivered and sound pressure near the tympanic membrane was monitored through a coupler placed within 1 mm of the tympanic membrane. Cochlear electrical responses were measured by using a glass micropipette placed at the round window. BM mechanical responses were recorded by using a self-mixing laser diode interferometer, with the laser beam focused on the BM through the transparent round window membrane. All procedures involving animals were performed in accordance with UK Home Office regulations with approval from the local ethics committee.
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